David Smith was an international authority in the biological discipline of symbiosis and an influential leader in academic life. Through his work on photosynthetic symbioses in lichens and invertebrate animals, David transformed the field of symbiosis from a study of taxonomy and morphology into an experimental science. In particular, he applied novel radiotracer techniques to demonstrate that lichens are metabolically dynamic, with photosyntheticallyfixed carbon transferred from symbionts to lichen host at high rates. His subsequent study of diverse symbioses led him to develop common principles underlying symbioses, including the regulated transfer of metabolites between partners and the role of ecological processes of colonization and community assembly in the establishment of symbioses. In his academic service, David had multiple leadership roles, including head of the
jeopardized his father's job as coal mining engineer in South Wales and led him to accept a position as manager of manganese mines in the Sinai Peninsula of Egypt.
David spent his first five years in Egypt but, because the mines were very isolated, it was decided that he should return to Port Talbot once he reached school age to live with his maternal aunt, Iris, and grandparents in Port Talbot. David's childhood in Port Talbot was very happy. He was educated at the local primary school until he was 10 and then as a boarder at Colston's Boys School in Bristol. At the end of the Second World War, when David was 15, his parents returned from Egypt to London, and David completed his secondary education at St Paul's School, London. David describes the biology teacher at St Paul's, Sydney Pask, as inspirational, 'making us read books way beyond the syllabus' and taking 'us on voluntary week-end [field] trips'. David applied to University of Oxford to read medicine but, on discovering at interview that he was eligible for a scholarship if he switched subject to botany, he made an instant decision that changed his life: he read botany at The Queen's College, University of Oxford, supported by a Browne Scholarship, and graduated with first class honours in 1951. With support from his tutor, Professor Jack Harley, David applied forand was awarded-a Christopher Welch Research Scholarship to conduct postgraduate studies on lichens at University of Oxford.
David started his postgraduate studies with a very happy year learning lichen taxonomy at Uppsala University, Sweden, and then returned to University of Oxford to complete his studies under the supervision of Jack Harley, graduating with a DPhil in 1954. Following two years of military service, David returned to University of Oxford as a Browne Junior Research Fellow of The Queen's College (1956) (1957) (1958) (1959) . He then spent a year in the laboratory of plant physiologist (and later Nobel Laureate) Melvin Calvin at University of California (UC) Berkeley, supported by a Harkness Fellowship of the Commonwealth Fund.
David's first academic position (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) was as a lecturer in the Department of Agricultural Science at University of Oxford. During this period, he was also appointed as a senior member of Linacre College (1962) (1963) (1964) , Royal Society senior research fellow at Wadham College (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) and tutorial fellow in biological sciences, also at Wadham College (1971) (1972) (1973) (1974) .
In 1974, David left Oxford to take up the position of Melville Wills Professorship of Botany at the University of Bristol, which was followed in quick succession by his election to Fellowship David enjoyed many friendships throughout his life, with a special mention for David Jennings, a fellow postgraduate student in Jack Harley's laboratory (and subsequently a professor at the University of Liverpool), and also David Lewis (professor at the University of Sheffield), with whom he collaborated extensively. David supervised a total of 16 postgraduate students and 10 postdoctoral researchers.
In his varied professional roles as teacher, supervisor, collaborator and administrator, as well as in his family life (figure 2), David was always caring and thoughtful of the needs of others. He was a deeply sincere person with a gentle sense of humour.
Contributions to the discipline of symbiosis
The lichen symbioses Over his research career of some 30 years from the mid-1950s to mid-1980s, David played a central role in shaping the discipline of symbiosis. The focus of his research was the photosynthetic symbionts (eukaryotic algae and cyanobacteria) in lichen fungi and aquatic invertebrates. At a time when most studies on these systems focused on taxonomy and morphology, David's approach was physiological. He asked one simple question: how do the photosynthetic symbionts interact with their host? The research of David and his students and collaborators demonstrated that the interactions are highly dynamic from both metabolic and cellular perspectives. These experimental discoveries were the foundation for David's recognition that different symbioses display common functional patterns, and that symbiosis function can be explained within a framework of general principles.
David's early research concerned lichens, which have been recognized since the 1880s as symbioses between fungi and photosynthetic algae or cyanobacteria (also known as blue-green algae). Lichens are rich in carbohydrates and it had been widely assumed-but never shownthat this carbohydrate was derived from the photosynthetic activity of the symbionts. David and his first graduate student, Ed Drew, applied the then novel technique of radio-isotope tracer experiments to demonstrate definitively that algal photosynthate is, indeed, translocated to the fungal host. In many of his experiments, David used the amenable lichen species Peltigera polydactyla, in which the photosynthetic symbiont is the cyanobacterium Nostoc. Discs of uniform dimensions were punched out of a lichen thallus and floated on buffer containing the radioactive 14 C-bicarbonate, which was rapidly fixed into sugars and sugar alcohols (polyols) in a light-dependent manner. Remarkably, 14 C photosynthetically-fixed by the symbionts was recovered within 10 minutes in the symbiont-free fungal region (the medulla) of the discs, and the flux from the symbionts continued for hours, with up to half of the total 14 C in the medulla (1, 3)*. In other words, the translocation of photosynthate from the symbiont to the host was rapid and extensive.
David and his students then investigated how the photosynthate was transferred from symbionts to host. They predicted that the process is biotrophic, i.e. by release of specific photosynthetic metabolites (which David termed 'mobile compounds') from living cells of the symbionts. Their first approach was to isolate the photosynthetic symbionts and quantify the released compounds, but, frustratingly, release from the symbionts ceased soon after isolation (4, 13). If, as these data suggested, sustained contact with the fungal host was required for symbiotic metabolism, then metabolite transport must be studied in the intact lichen thallus. David's solution to this experimental problem was the innovative 'inhibition technique' (5). The lichen discs are incubated first with 14 C-bicarbonate to load the symbionts with radiolabelled photosynthate, and then with an excess of non-radioactive test compound. If the test compound is translocated from the symbionts to the fungus, it will compete with the 14 Ccompound at the site of uptake in the fungus, and 14 C-labelled mobile compound will be released into the medium. When discs of P. polydactyla preloaded with 14 C were incubated in 1-2% glucose (but not a range of other compounds), 14 C-glucose was released, demonstrating that glucose is the mobile compound in P. polydactyla. Subsequent research by David and other laboratory members, including David Richardson, confirmed that photosynthate is transferred at high rates in a diversity of lichens, and that the identity of the mobile compounds correlated with the taxonomy of the symbiont: glucose in lichens with cyanobacteria, but polyols in lichens with algal symbionts (6) .
These studies have been crucial to our understanding of the biology of lichens. They demonstrate that, despite exceptionally slow growth rates, lichens are metabolically dynamic. David and his students also made important contributions to explaining the biological significance of this surprising result. Lichens are poikilohydric, meaning that they have no control over their water content. A lichen thallus can be saturated by a brief rain shower and then desiccate rapidly in a subsequent dry period, potentially undergoing several * Numbers in this form refer to the bibliography at the end of the text.
wet-dry cycles within a single day (at least in the British climate). Every time a lichen thallus is rewetted, its respiration rate increases dramatically, fuelled by the symbiont-derived photosynthetic carbon (11). The photosynthetic metabolism of the symbionts is, in this way, essential for the poikilohydric lifestyle of lichens.
Much of the inspiration and technical expertise underpinning this immensely productive decade of discovery in lichen physiology came from David's year in Melvin Calvin's laboratory at UC Berkeley in 1959-1960 (details above). During this time, David studied the effects of ammonia on photosynthetic carbon metabolism in Chlorella under steady-state conditions, and benefited from the state-of-the-art technology and interdisciplinary ethos of the laboratory. In David's words, this year provided 'a vital and invaluable turning point for my later research'.
Alga-invertebrate symbioses
The second phase in David's research on symbiosis was catalysed by a second visit to the USA. David's time in the laboratory of Len Muscatine at UC Los Angeles in 1968 'was just as valuable scientifically as the year in Berkeley'. Len Muscatine introduced David to photosynthetic symbioses in animals, including corals and hydra, and the chloroplasts acquired by nudibranch molluscs (also known as sea slugs). David's international reputation was growing rapidly, and his developing research on these new systems attracted a new cohort of researchers, including Bob Trench, Roz Hinde, Liz Boyle, Angela Gallop, Paul McAuley, Lyn Mews, Alwyn Rees and myself.
Radiotracer experiments conducted by David and his colleagues on the various invertebrate animals bearing photosynthetic algae or chloroplasts revealed that, just as for lichens, photosynthetically-fixed carbon is translocated from the symbionts to the host at high rates, generally in the form of one or a few mobile metabolites (9, 12, 14) . Research conducted by David while on sabbatical in Len Muscatine's laboratory demonstrated the algal symbionts in green hydra could be induced to release recently-fixed photosynthate exclusively in the form of the disaccharide sugar maltose when isolated and incubated at low pH (8) . Subsequently, he showed that the Chlorella strains varied in their release rates, and that hydra displayed superior growth and survival when colonized with Chlorella strains that released maltose at high rates (23, 24).
The experimentally-tractable symbioses in green hydra and the sea slug Elysia viridis gave David the opportunity to expand his research beyond metabolic interactions to studies of the acquisition and regulation of the photosynthetic symbionts by their hosts. At that time, advances in immunology and related fields had created the paradigm that interactions between different cells are mediated by precise lock-and-key molecular recognition between carbohydrate and protein moieties on the cell surface. Disconcertingly, David's research on the photosynthetic systems revealed no evidence for precise recognition systems. For example, Elysia obtains chloroplasts from a subset of the siphonaceous seaweeds on which it feeds, and acquisition of compatible chloroplasts (notably from Codium fragile) is underlain by 'trial and error' rather than sophisticated chemosensory processes for Elysia recognition of Codium and its chloroplasts (18) . Similarly, extensive studies of Chlorella acquisition by hydra revealed no evidence for specific recognition, either at the point of first contact or following engulfment of the Chlorella into the cells of the hydra (19, 20, 22) . It appeared that 'there may be no single stage in the establishment of the symbiosis in green hydra that constitutes a single, positive act of specific recognition. Rather, the establishment of the symbiosis may be better regarded as a process of ecological colonization' (19). These conclusions were well ahead of the research community at large; as I write in early 2019, ecological principles have only recently been applied more widely to understand animal-microbial symbioses.
David also made important contributions to our understanding of how photosynthetic symbioses are regulated. What are the processes that underlie the apparent harmony of these systems, such that neither organism overgrows its partner? Painstaking studies of chloroplasts in Elysia revealed context-dependent controls. When the animals had access to fresh chloroplasts from Codium, their complement of chloroplasts was regularly replaced, with turnover of 30-50% of chloroplasts per week (18) , but loss was much reduced in animals denied access to fresh chloroplasts, such that functional chloroplasts were retained for at least three months (10). As for Elysia, the hydra host can eliminate symbionts, with evidence that elimination is triggered by Chlorella populations that exceed what David called 'the upper limit' (23, 24), although it remains unclear to this day how this upper limit is determined. Further insight came from experiments introducing supernumerary Chlorella to the symbiosis. The incoming Chlorella were invariably eliminated, even when they were more beneficial to the host than the resident Chlorella (21). In this system, the resident wins because the incoming Chlorella cells exceed the upper limit, even when the outcome is not in the selective interests of the hydra. These results are fully consistent with the conclusions (above) that these symbioses are not maintained by co-evolved recognition mechanisms that discriminate among different potential symbionts for the greatest benefit to the host.
Symbiosis as a discipline
David's demonstration-time and again-that symbioses are amenable to physiological investigation had an enormous impact on the discipline, and for one simple reason: that 'no-one else in the world was doing this for any symbiosis' [his italics]. His achievements galvanized early-career scientists to conduct experimental research on symbiotic systems. David enabled and supported researchers far beyond the members of his laboratory in many ways: by beautifully-written and accessible reviews; by organizing timely symposia; by his support of community efforts in the discipline; and by the textbook The biology of symbiosis, which I had the honour to co-author with him (25).
Here, I highlight three of various highly influential reviews that David wrote. His first review paper, for an international symposium 'Experimental studies of lichen physiology' (2), was given at the thirteenth Annual Symposium of the Society for General Microbiology in 1963. Here, he argued forcefully for experimental study of lichens, concluding that 'many different kinds of experimental techniques can be satisfactorily applied to them [lichens] . The discovery of much valuable information about the nature of the association between the symbionts awaits the application of these techniques'. Six years later, David collaborated with Len Muscatine and David Lewis to articulate the common principles underlying carbohydrate transport in different symbioses (7). This synthesis, entitled 'Carbohydrate movement from autotrophs to heterotrophs in parasitic and mutualistic symbiosis', was highly innovative and demonstrated how physiological study can reveal what David called 'the general phenomenon of symbiosis'.
A decade along and David had integrated the field even further with his review 'From extracellular to intracellular: the establishment of a symbiosis' on the evolutionary trajectory of symbioses from extracellular (as in lichens) to intracellular (as in corals and hydra) and organelles (chloroplasts and mitochondria) (17). In this review, which preceded genome science, David had astonishing prescience of our current understanding of genome reduction and loss in bacterial-derived organelles:
In the cell habitat, an invading organism can progressively lose pieces of itself, slowly blending into the general background, its former existence betrayed only by some relic. Indeed, one is reminded of Alice in Wonderland's encounter with the Cheshire Cat. As she watched it, 'it vanished quite slowly, beginning with the tail, and ending with the grin, which remained some time after the rest of it had gone'. There are a number of objects in a cell like the grin of the Cheshire Cat. For those who try to trace their origin, the grin is challenging and truly enigmatic. 
Academic service

At University of Bristol and University of Oxford
David's commitment to academic service was evident from an early stage in his academic career. In 1965, just five years after becoming a lecturer at University of Oxford, he became an editor of New Phytologist, and was the executive editor for this journal from 1967 to (1982) (1983) (1984) (1985) (1986) ) that his leadership skills were most sought after and also truly tested.
The 1980s were a time of upheaval in British science. Under the Conservative Government of Margaret Thatcher, British science was increasingly expected to demonstrate value for money, and was subject to multiple rounds of funding cuts to both the university sector and research institutes as part of the Government's commitment to reduce public expenditure. David played an important role in managing the impact of these changes on British science. For the SERC Biological Sciences Board, he contributed to the policy documents increasingly required to identify priority areas for financial support. As he commented, this represented a new order in which it was no longer sufficient to select 'just the best applications by the most talented people, regardless of subject'. David's role on the AFRC Council was more difficult. He found himself in 'the early stages of the process by which 28 Research Institutes were reduced to 7 or so, through closures, mergers and amalgamations', accompanied by countless early retirements and redundancies of career scientists and support staff.
David was also exposed very directly to the impacts of the Thatcher years on the university sector in what he described as one of the two major crises that he 'had to deal with in my career in universities'. This first crisis was the 'bombshell from the UGC (University Grants Committee) in 1981'. Government funding for all teaching in agriculture and forestry at University of Oxford was to be withdrawn, resulting in the closure of the Department of Agricultural Science. David chose to respond to this totally unexpected decision by cooperating fully with the university to close down the degree and department, rather than by attempting to reverse the decision. His reasoning was that cooperation would lead to 'an achievable and sensible way out'. His strategy was characteristically innovative and constructive: to create a new degree in pure and applied biology that would both meet the increasing demand among prospective students for an integrated biology course and enable the redeployment of the excellent teaching staff in the Department of Agricultural Science. Let us be clear about the significance of this strategy. The news from UGC was devastating for the Department of Agricultural Science. I was a postdoctoral researcher in David's laboratory at the time, and remember well the incredulity and anxiety in the department. It was a truly remarkable feat of David's to persuade his colleagues of the wisdom of his strategy and to ensure that the new degree course in pure and applied biology was established within a year. David had converted the disaster of departmental closure into an opportunity, and his achievement set into train the administrative procedures for the later replacement of the increasingly antiquated separate botany and zoology degree courses by a single degree in biology.
The drama surrounding the Department of Agricultural Science had largely subsided by the time that David took up his role as biological secretary of the Royal Society in 1983.
The Royal Society
David's duties as biological secretary occupied much of his professional life between 1983 and 1987. In this new role, he worked with his fellow officers to inform Government policy, to manage the funds received from the Government for the effective support of scientists, to maintain contacts with corresponding academies in other countries, and to select scientists for the Fellowship. Activities of particular note at this time were a discussion meeting in 1984 on 'Technology in the 1990s: agriculture and food', and a study chaired by David on 'The brain drain'. David enjoyed the role of representing the Royal Society at national and international events, including the International Congress of Microbiology (Manchester, 1986), the biennial meetings with officers of the US National Academy of Science (Washington, DC) and a lecturing tour of Australia (1988) on Joseph Banks, the eminent botanist and long-time president of the Royal Society (1778-1820).
David described his time as biological secretary as 'four-and-a-half enjoyable years'. There was, however, one important controversy: the election of Prime Minister Margaret Thatcher as a Fellow of the Royal Society. This decision, made in a Council meeting prior to David's appointment as biological secretary, was hotly contested by some Fellows. Although a majority of Fellows voted in favour at the Ordinary Meeting of 30 June 1983, '45 Fellows wrote a dignified and detailed letter of complaint to the President about the election', and 'discontent did not die down'. Under these circumstances, Mrs Thatcher was not admitted formally to the Fellowship at an Ordinary Meeting of the Royal Society, but at a private luncheon held in early 1984.
David resigned from his role as biological secretary of the Royal Society in 1987, on taking up his position as principal of University of Edinburgh.
At University of Edinburgh
David embarked on his position as principal of University of Edinburgh with clear-headed general principles, succinctly described in his memoir.
I regarded a university as an organisation in which most of the 'workers' (i.e., the academic staff) are cleverer (if more naive) than most of the bosses. Therefore, in the busy complexities of a Principal's life -such as meetings, ceremonials, entertaining, etc -always uppermost in the mind should be what is best for the 'workers', what encourages their talent to develop, what helps their work most. . . . Because staff are very clever, it is often more important to listen to them than to talk, and to select the best of their suggestions. Because they are clever, change is more easily achieved by clear logical argument than by diktat. Openness is essential since -born researchers that they are -they have a prodigious enthusiasm for uncovering what has been deliberately hidden. Indecisiveness is debilitating for everyone, so a Principal must always make a decision if no one else is willing.
Three years into this position, David had the most pressing opportunity to put these principles into practice, as he faced the second professional crisis of his career: the discovery in late 1990 that University of Edinburgh had an operating deficit of £5.5 million in the academic year 1989/90, and would need to negotiate a major overdraft with the bank. Financial projections under 'business as usual' would eliminate the general reserves of the university within two years. David and his senior colleagues, including Vice-Principal Barrie Wilson and administrators Melvyn Cornish, Martin Lowe and Charles Gordon, implemented immediate action. This included the freezing of new departmental positions, elimination of non-essential expenses (especially entertainment), a dramatic increase in student numbers and the sale of capital assets, notably Audubon's Birds of America and Gould's Birds of Australasia, which together yielded more than £2 million at Sotheby's in New York. The financial plan led to recovery within two years, with an operating surplus of £2 million by July 1992.
As with his experience of his first crisis at University of Oxford (detailed above), David sought-and found-near-unanimous support for his strategy for financial recovery. He recounts this experience vividly as follows:
Brian (Lord) Flowers, a former Vice-Chancellor of London, congratulating me on my appointment as Principal [said that] 'You'll enjoy Edinburgh -but it is fundamentally ungovernable. You'll find it a bit like commanding a fleet of sailing ships. They will mostly go in the same direction in fair weather, but if a storm strikes they will all scatter and there will not be much you can do about it'. How fortunate that when a storm did strike Edinburgh during my time as Principal, it was so severe that the ships felt they had to help each other.
The financial crisis led David and senior colleagues to implement a major restructuring of University of Edinburgh as well as the immediate corrective financial changes. Some aspects of the restructuring were difficult for certain groups within the university, but the great majority was supportive, and the simplified structures provided protection against the institution sliding unaware into another financial crisis. In addition to these major changes, David was able to revise professorial scales at the university to remove some historical inequities.
Although David's time as principal at University of Edinburgh will likely be remembered most for the financial crisis, this period involved 'a mosaic' of activities for him. Events particularly valued by David included the graduation ceremonies, where the many students received their degrees and he gave the closing address; the celebration of the 200th anniversary of the laying of the foundation stone for Old College; and the award of an honorary degree to Jacques Delors (then president of the European Union) at the time of the European Summit in Edinburgh in 1993.
While at Edinburgh, David became increasingly motivated by the impacts of climate change and the role of the university sector in addressing these issues. He developed a persuasive strategy for the University of Edinburgh, articulated in a discussion document, The first stages in greening the University of Edinburgh. He also participated in the influential Linacre Lectures 1992-1993 on Health and the Environment, and worked on various committees throughout the latter part of his career to promote institutional change.
It was in 1991 that David and Lesley bought a cottage in the small village of Balquhidder on Loch Voil. This provided a perfect retreat from the pressures of city and university life. Surrounded by hills and overlooking a meandering river, it offered a project in the shape of a natural garden that became a refuge for many of their friends and family ( figure 3 ).
In the final year of David's tenure as principal, Elizabeth Blackadder painted his portrait over eight sittings. In this portrait (figure 4), David is surrounded by many of the influences on his scientific life from a book on his hero, Joseph Banks, to examples of symbiosis in the form of lichens and corals. This portrait is now part of the art collection of University of Edinburgh.
At Wolfson College, Oxford
David's last academic position was as president of Wolfson College, University of Oxford (1994) (1995) (1996) (1997) (1998) (1999) (2000) . Wolfson College is a postgraduate college in north Oxford, on the banks of the River Cherwell. David found the students and staff 'exceptionally friendly and informal'. David and the senior tutor met formally with each student at the start and end of the first year and during the final (third) year, as well as informally on other occasions. While at Wolfson College, David contributed to various university committees and activities, including: a review of Oxford Clinical School with the recommendation to appoint a chair of the Division of Medicine; a review of routes to improve collaboration between university and college fund-raising activities; and chair of the Curators of University Parks, 'by far the most enjoyable service I gave to the University'. In addition, he tackled a major inequity in salaries faced by lecturers who were not also college tutorial fellows. David worked with Jim Kennedy, a Fellow at Wolfson College and a professor of earth sciences, to campaign for appropriate remuneration. The vice chancellor set up a working party that included David and Jim Kennedy. About a year later, an interim arrangement was agreed, and a solution was put in place shortly after David left the university in 2000.
A further important commitment for David at this time was as president of the Scottish Association for Marine Science (SAMS) (1994) (1995) (1996) (1997) (1998) (1999) (2000) . SAMS is based at the marine laboratory in Dunstaffnage, near Oban, Scotland. He played a key role in the revitalization of the laboratory, including strengthening the links with NERC and the University of the Highlands and Islands.
Wolfson College is renowned for the annual Wolfson lecture series held in the Hilary (Spring) term. The topic each year is selected by the governing body from suggestions made by college members. In one year, the suggestion of student Anna Langslow on the topic 'The idea of a university' was selected and David was invited to co-organize the lecture series. The lectures were edited by David and Anna Langslow, and published in the Higher Education Policy Series of Jessica Kingsley Publishers in 1999.
Retirement
Following retirement from his role as president of Wolfson College, David and Lesley returned to Edinburgh. He maintained several academic interests and activities for some years into retirement. He was elected to a three-year term as president of the Linnean Society (2000) (2001) (2002) (2003) . In this capacity, he chaired the monthly meetings in London, and was involved in preparing evidence from the Linnean Society for an inquiry of the House of Lords Science and Technology Committee on the subject of taxonomy and diversity. At the same time, he chaired an inquiry into the future of the Scottish fishing industry on behalf of the Royal Society of Edinburgh, with the final report submitted in March 2004. David also continued his work, initiated while at Wolfson College, on the assessment of European universities by the European Universities Association, an activity that involved visits to various institutions in Slovakia, Slovenia, Bosnia, Portugal and Greece over the following seven years.
David's personal and professional life was informed by his strong commitment to humanist principles and support of the British Humanist Association. He had a profound antipathy for unsubstantiated beliefs, especially religious dogma. His views and decision-making were informed by rational argument and evidence, and he took every opportunity to promote fairness and justice in the university system and beyond. To quote from the obituary written by Sir Timothy Hitchens, the current president of Wolfson College (https://www.wolfson.ox. ac.uk/news/sir-david-smith): 'David Smith [was] such a remarkable man, and such a strong influence for the good on all who came into contact with him and benefited from his humane, generous, and admirable nature.' 
Honours, degrees and awards
